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THE RELATIONSHIP BETWEEN LANDCOVER AND CLOUD-TO-GROUND
LIGHTNING STRIKES IN KALAMAZOO COUNTY, MICHIGAN
Zachary J. Newton, M.A.
Western Michigan University, 2006
Lightning strike point data,

collected by the Na
™

tional Lightning Detection Network
August of 1993,

in June,

July,

and

was used in conjunction with geographic

information systems (GIS) to examine the distribution of
lightning strikes within and among landcover and geologic
classes in Kalamazoo County, Michigan.
Quadrat analysis results showed that the lightning
strike pattern did not follow a random distribution and
exhibited a tendency for clustering when mapped with kernel density.

A chi-square analysis showed there was a

statistically significant relationship among landcovers,
geology, and lightning strikes.

Two t-tests were used to

evaluate the data, one that corrected for location uncertainty in the data and one that did not.

The location

corrected t-test revealed that only Urban landcovers pos
sessed a significant relationship with lightning strikes
and received a fewer number than expected.
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CHAPTER I
INTRODUCTION
Statement of the Problem
Thunderstorms are the most widespread meteorological
danger across the world (Shearman 1999).

In excess of 100

lightning strikes, generated by thunderstorms, contact the
earth each second.

Due to the unpredictable nature of

lightning insufficient data exists that relates to
lightning's distribution (National Lightning Safety
Institute 2005). However, only since the 1970's with the
advent of new lightning detection technologies are the
precise distributions of strikes being studied.
Fortunately, these new lightning detection technologies are
a great improvement over past methods which were prone to
human error and a weak spatial resolution (Court and
Griffins 1986).
The National Lightning Detection Network (NLDN), which
monitors cloud-to-ground lightning strikes, was established
in the 1980's.

Coverage of the entire continental United

States began in 1989.

Today the NLDN is a collection of 110

sensors arranged throughout the continental United States
that monitor cloud-to-ground lightning flashes (Shultz et
al. 2005) (Figure 1).

The electromagnetic signals produced
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Map Created By Zachary NeNton, Western Michigan University

Figure 1: Map showing NLDN sensors in the contiguous United
States.
Source: Orville, R.E., and G.R. Huffines. 2001. Cloud-to
ground lightning in the United States: NLDN results in the
first decade, 1989-98. Monthly Weather Review 129: 11791193.
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by lightning flashes are detected by the sensors, and
triangulation methods determine the lightning locations
(Crimmins 2003; Orville et al. 1987).

The improved sensors

allow for a current median accuracy of 500m with a detection
efficiency greater than 90 percent (Cramer et al. 2004).
In the United States alone, there are an estimated 15
to 20 million cloud-to-ground strikes every year (National
Lightning Safety Institute 2005).

Approximately 200 people

are killed each year by lightning making it the second
deadliest natural disaster in the United States, only behind
flash floods (Zimmerman et al. 2002; Cooper et al. 1999;
Holle et al.; 1999 Holle et al. 1995).

This is greater than

the fatalities from tornadoes and hurricanes combined
(Christopherson 2005; Shearman 1999).

Consequently,

lightning has the potential to be the most dangerous weather
phenomenon people could encounter every year (Holle et al.
1999).

Furthermore, the state of Michigan has consistently

ranked second in lightning casualties (fatalities and
injuries combined) per state (Ferrett and Ojala 1992).
Research Objectives
The goal of this research is to use NLDN data from
June, July, and August of 1993 to assess the relationship
between cloud-to-ground lightning strikes and landcover in
Kalamazoo County, Michigan.

Additionally, this research
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aims to test the degree of association between lightning
strikes to the surficial lithology of Kalamazoo County.
Lastly, this research explores whether the 'recreational
landcovers' in Kalamazoo County receive a significantly
greater number of lightning strikes than the other
landcovers present within the county.

For this

investigation the 'recreational landcovers' are considered
to be Water, Forest, and Golf Courses because these
landcovers are most often associated with outdoor summer
time activities (Table 1).
The World Meteorological Organization (1978) states
that understanding weather not only aids in better
understanding of meteorological phenomenon, but also
minimizes adverse socio-economic effects.

This thesis will

help in understanding lightning's impact on southwestern
Michigan and may aid the development of a lightning
protection strategy.

This research may assist the residents

of Kalamazoo County by making them more aware of how they
spend their summer free-time outdoors in the peak of
lightning season.

This research may be of particular

benefit to electrical utility companies in the area.

Power

companies are interested in lightning activity as a means
for effective crew deployment during power outages (McDaniel
et al. 2003; Crimmins 2003).
This thesis includes five chapters that summarize the
research history and advancement of cloud-to-ground
lightning, the analysis of summer lightning events in
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Kalamazoo County, Michigan, and the conclusions of that
analysis. Chapter II outlines some general information about
lightning, Great Lakes weather trends, and previous
lightning research.

Chapter III explores the data and the

statistical methods used for this analysis.

The results of

the statistical analyses of the summer lightning events in
Kalamazoo County, Michigan are presented in Chapter IV,
while Chapter V provides a summary of the study and
conclusions for the analysis.

CHAPTER II
REVIEW OF THE LITERATURE

... in
Scholarly research pertaining to lightning comes
In order to better understand lightning

many varied forms.

and its negative impacts it is crucial to examine past
research on lightning.

This involves not only looking at

.

.
the tools used to collect lightning data, but also looking
at the methods used to evaluate the data once collected.
This chapter will begin with a discussion of what lightning
is and how it works.

Then, a firm grasp of the weather

patterns in the Great Lakes region, where Kalamazoo County,
Michigan, is located, will be presented.

An examination of

how lightning data is collected and analyzed will follow.
Next, geographic information science systems (GIS) will be
studied for its usefulness in lightning research and
understanding.

Lastly, scholarly research on the

relationship of lightning with landcovers will be detailed.
Lightning as a Phenomena
It is estimated that greater than 8 million lightning
strikes contact the earth every day.

Thunderstorms,

produced by atmospheric instability, generate lightning.
Lightning strikes are generated when ice crystals and
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hailstones inside cumulonimbus clouds collide as updrafts
circulate them within the cloud.

This movement causes

oppositely charged particles to separate and gather at
opposite ends of the cloud; positively charged particles
gather at the top of the cloud while negatively charged
particles accumulate at the cloud's base and stimulate a
positive charge on the earth beneath.

As soon as the charge

builds beyond a critical point, the electrical energy is
discharged as lightning.

A step leader, or conductive path,

moves downward toward the ground until a connection is made
creating a pathway along which the charge can surge (Marshak
2001).

The return stroke, an upward flowing current,

progresses upward toward the cloud releasing as much as
hundreds of millions of volts of energy in the process
(Christopherson 2005).
Lightning is often associated with severe weather
conditions such as hail, high winds, and possibly tornadic
activity (Christopherson 2005).

Research has also shown

that high lightning flash densities are positively
correlated with heavy convective rainfall (Papadopoulos et
al. 2004; Petersen and Rutledge 1998; Joe et al. 1995) .
Measurements indicate that lightning bolts heat the
surrounding air to astounding temperatures of 8,000-33,000 ° C
causing it to violently explode (Marshak 2001).

This rapid

expansion of air is heard as thunder (Christopherson 2005).
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Lightning can occur between clouds (cloud-to-cloud) and
between clouds and the earth (cloud-to-ground) (Marshak
2001).

In the United States the NLDN monitors these cloud

to-ground lightning flashes.
Thunderstorms in the Great·Lakes Region
Previous research has shown that the cooling effect of
the Great Lakes waters stabilizes the atmosphere and
inhibits thunderstorm development as a result (Einchenlaub
1979).

More recent research in 1994 by Clodman and Chisholm

contended that the unique interplay of land and lake, at
least along the Ontario-Lake Erie shore coupled with lake
breeze convergence, actually aided the development of
thunderstorms.

Scott and Huff (1996) found the lake

environment in summer to actually cause a decrease in
rainfall as a result of cooler summertime lake surface
temperatures.

This can be important since lightning is

often associated with heavy precipitation events.

However,

Clodman and Chisholm (1996) showed that the Great Lakes do
produce more lightning than oceanic areas as convergence of
lake-breezes, high surface temperatures, and high moisture
leads to enhanced lightning production.

A 1999 study by

Walters and Winkler indicated that the frequency of cloud
to-ground lightning flashes increases in June, July, and
August in the Great Lakes region.
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Lightning Research Methods
Thunderstorm Day Research
The value of lightning data for meteorological research
became evident in the late 1970's and. early 1980's with the
development of what would become the National Lightning
Detection Network (Orville and Huffines 2001). Before the
advent of lightning detection systems technology scientists
had no way of determining the locations of lightning
strikes.

In fact, the only tool researchers had to

ascertain the distributions of thunderstorms was the
Thunderstorm Day (World Meteorological Organization 1953).
The World Meteorological Organization (1953) defines
Thunderstorm Day as a day in which thunder is heard at an
individual observation location.

Court and Griffins (1986)

used Thunderstorm Day data gathered from weather stations to
develop an extremely coarse representation of thunderstorm
climatology in the United States for the 19 year study
period that ranged from 1951-1970.

Easterling (1991) used a

similar methodology when Thunderstorm Day data gathered from
450 National Weather Service stations were used to examine
the climatological patterns of thunderstorm activity in the
south-eastern United States.

This type of research

obviously possesses many flaws such as an extremely coarse
spatial resolution as well as being subject to human error.
Furthermore, Changnon (1993), in a study conducted on the
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relationships between thunderstorms and cloud-to-ground
lightning in the United States, contends that thunder events
themselves often provide an inadequate assessment of the
actual number of cloud-to-ground lightning flashes.
National Lightning Detection Network
The NLDN was established in the 1980's (Figure 1).
This collection of sensors began at the State University of
New York at Albany supported by the Electric Power Research
Institute.

Later, possession of these sensors moved into

the private sector. By 1989, coverage of the data sensors
included the entire continental United States (Orville and
Huffines 2001).

Today the NLDN is a collection of over 100

sensors arranged throughout the continental United States
that monitor cloud-to-ground lightning flashes (Shultz et
al. 2005).

The electromagnetic signals produced by

lightning flashes are detected by the sensors and
triangulation methods determine the lightning locations
(Crimmins 2003; Orville et al. 1987).

The improved sensors

allow for a current accuracy of 500m with a detection
efficiency greater than 90 percent (Cramer et al. 2004).
The advancements in remote sensing and lightning detection
technology in the past 30 years have enabled pinpointing,
with great precision, the locations of cloud-to-ground
lightning strikes (Orville et al. 1987).

This wealth of

data provides researchers with extraordinary opportunities
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to explore lightning's relationship with spatial patterns
and surface features at many varying scales.
Precision Lightning Detection Network Research
Use of precision location devises, such as those that
compose the NLDN, afford researchers the opportunity to
study cloud-to-ground lightning strikes with great accuracy.
Initially, studies focused lightning polarity data collected
by the NLDN. Orville et al. (1987) conducted such research
when he studied the differences in positively and negatively
charged lightning strikes in the Northeastern United States.
This study investigated cloud-to-ground strikes for only one
year from June 1984 to May 1985.

Also, data collection was

limited within a 300km distance to one of nine sensors
located along the east coast of the United States.
Lightning polarity was observed to be greater than 50
percent positive in winter and then decreased steadily to
less than 5 percent in summer.
As the precision of sensors increased, lightning
studies became more focused on densities.

Lightning flashes

for the entire contiguous United States in 1989 was studied
by Orville in 1991.

This research examined flash densities

in the United States using 50km by 30km grid cells and was
the first of its kind to detail an annual summary of flash
density at this scale.

However, the author suggests that

NLDN data from a minimum of 10 years is desired to develop a
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more representative approximation of average flash
densities.
In addition to lightning densities, research became
more focused on correlations between lightning and other
geophysical variables, such as elevation, as a result of
increased lightning sensor precision.

Lightning strike

density and elevation in San Diego County, California (Wells
and McKinsey 1993) possessed a slight positive correlation.
King and Balling (1994) studied the variations in the
lightning data of the Arizona monsoon using summer data from
1989 and 1990 and a cell size of 0.S 0 by 0.S 0 latitude.
Results concluded that the highest flash densities recorded
were located over topographically higher areas.
also indicate a strong diurnal pattern.

Results

Watson et al.

(1994) confirmed this diurnal pattern in lightning strikes
in Arizona.

These diurnal patterns were found to be

associated with solar forcing and topography.
Most research however, seemed to pertain to lightning
strikes densities.

In 1994, Orville again created cloud-to

ground flash densities in the contiguous United States. This
study used a grid cell size of 90km by 6Skm and during a 3year period from 1989-1991.

Due to the large size of the

grid cells, the author notes that the values presented in
the study are underestimates of actual numbers.

Clodman and

Chisholm (1994) studied the lightning flash climatology of
the southern Great Lakes region using data from 1989 and
1990.

Highest annual flash density was observed over
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southwestern Ontario.

This is likely caused by lake-breeze

convergence enhancing storm development.
Many lightning strike density studies were conducted
specifically for the 1996 Summer Olympics in Atlanta,
Georgia.

Analysis, which used a 10 km2 grid cell, showed

that areas of greatest lightning activity occurred near
coasts and over Florida (Watson and Holle 1996).

In

Atlanta, lightning activity reached a maximum in the late
afternoon and extended into early evening.

Larger scale

2
research (Livingston et al. 1996), which used a 2.6 km grid

cell, was produced for the Atlanta area as well.

This

analysis was conducted with ten years of lightning data
ranging from 1986-1995.

Results from the study indicated

that inland Olympic sites possessed lower flash densities
than the coastal site supporting additional research that
showed the Georgia coast received greater lighting activity
(Watson and Holle 1996).
After the Summer Olympics were completed academic
lightning research again focused on flash densities in the
contiguous United States. Orville and Silver (1997)
conducted research to make flash density maps, using a 90km
by 65km grid size, for the contiguous United States spanning
a time period from 1992 to 1995.

The highest flash

densities were recorded in Florida (1992), the Midwest
(1993), Florida (1994), and southern Louisiana and the
Illinois-Kentucky border (1995). In 1999, lightning data
from 1989-1996 was compiled (Huffines and Orville) to create
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mean annual flash densities.
were recorded in Florida.

The highest flash densities

The Midwest, Oklahoma, Texas, and

the Gulf Coast recorded the second highest flash densities.
The Appalachian Mountains and Missouri recorded the lowest
flash densities.

In that same year Orville and Huffines

(1999) analyzed three years of data from 1995 to 1997 of
cloud-to-ground strikes in the contiguous United States.
Results showed Florida constantly recorded some of the
highest flash densities in the United States.

Also in 1999,

the rate and spatial extent of cloud-to-ground lightning
flashes exhibited a diurnal pattern in the Great Lakes
region (Walters and Winkler).

This study used data

collected by the NLDN during the summers of 1989-1990 and
noted that in the Great Lakes area there are also inter
seasonal variations within the previously mentioned
lightning parameters.

In 2001, Orville and Huffines

produced cloud-to-ground lightning flash densities for the
United States.

This research differed from their previous

research in that this study detailed the first decade of
lightning data collected by the NLDN.

Also, the spatial

resolution of analysis was approximately 20km2 , a much
smaller grid size for a national study.

Florida once again

recorded the highest flash densities.
As lightning detection sensor precision continued to
increase and study grid cell sizes continued to decrease,
lighting research diverged.

Some lightning studies expanded

to cover nearly an entire continent (Orville et al. 2002).
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Lightning data from the NLDN was combined with the Canadian
Lightning Detection Network to produce the first results
from the North American Lightning Detection Network (NALDN)
The temporal period extended three years from 1998 to 2000
and the spatial resolution equaled approximately 20km2 •

The

importance of this study is evidenced by the fact that the
results indicate large-scale geographical, diurnal, and
interannual variations that were previously undetermined.
Other lighting studies used smaller grid cell sizes and
focused on smaller spatial extents.

Crimmins (2003) studied

the regional spatial and temporal flash density of southern
Michigan using 5km2 grid cells.

Not surprisingly, the

highest flash densities were detected in the highest
detection efficiency area.

Beyond this area detection

efficiencies diminished as well as flash densities.

This

study also showed that temporally, lightning follows a
seasonal diurnal pattern in the Great Lakes region.

This

result is in keeping with similar analyses at larger
resolutions (Walters and Winkler 1999).
As a whole, most lightning research has pertained to
flash densities of varying scales and sizes in the United
States.

Results from these analyses showed that Florida

consistently observed the highest lightning densities in the
country (Huffines and Orville 1999; Orville and Huffines
1999; Orville and Silver 1997).

Also of importance were the

findings that the Midwest recorded higher flash densities
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than those in the rest of the United States (Huffines and
Orville 1999; Orville and Silver 1997).
GIS Applications
In addition to precision lightning detection
technology, another tool utilized by researchers to explore
lightning is geographic information systems (GIS).

Yuan

(169, 2005) states that, "In weather-related research, GIS,
through geospatial data handling and analysis, promotes
spatial understanding of the relationships among
environmental factors."

Shipley (2005) affirms that over

the past decade GIS has gained considerable recognition in
meteorological applications.

The usefulness of GIS in

meteorological applications is also evidenced by the amount
of research that utilizes the power of GIS.

GIS has been

especially useful in analysis of accuracy and quantifying
relationships to aspects of physical geography as
illustrated below.
Tan and Shih (1993) used lightning data to develop
cartographically large scale spatial and temporal
resolutions as well as a lightning strike database for
Florida.

GIS also has been used (Schultz et al. 2005) to

test the accuracies of varying spatial resolutions on
hypothetical lightning density data accuracies.

The

different spatial resolutions consisted of 5 grid cell sizes
ranging in size from 0.1 ° to 0.5 ° latitude.

To determine
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accuracy, random points were buffered with a 500m buffer to
account for the spatial error in the NLDN strike locations.
When these points, even with the 500m buffer, remained
within their respective study areas, they were evaluated as
a percentage of the entire number of strikes.

They found

that 0.5 ° grid cells achieved the greatest accuracy, 95.88
percent.

However, due to the large range of studies that

can be performed on lightning strike data, the authors note
that there is no one perfect size to which all lightning
data can be analyzed.
DeCaria and Babij (2005) utilized the value of GIS in
quantifying a relationship between lightning and physical
geography on a regional scale.

They examined the

correlation between cloud-to-ground lightning strikes and
terrain elevation in southeastern Pennsylvania at a lkm2
resolution.

Their analysis showed that a weak, yet

statistically significant, relationship existed between
lightning and elevation in this part of the United States.
This finding is similar to the results found by Wells and
McKinsey (1993), Watson et al. (1994) and King and Balling
(1994).
Lightning and Landcover
Journal articles concerning lightning safety abound in
both medical and meteorological literature.

Lightning

research can also be more exotic as evidenced by the work of
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Gurevich and Zybin (2005), who attempt to address how
lightning can be created and transmitted in an electrical
field of regular magnitude.

However, the relationship

between lightning strikes to landcover can also be just as
important. Relating cloud-to-ground lightning strikes to
landcover is essential to gaining und_erstanding of
lightning's spatial distribution.

In fact, better

visualization of the negative impacts triggered by lightning
to humans can be a result of such research (World
Meteorological Organization 1978).
Lightning research that related to landcover appeared
to focus on many cartographic scales.

On a larger scale, a

lightning flash climatology (Clodman and Chisholm 1996) was
created for the southern Great Lakes region.

Important

findings in the study indicated that high flash density
storms appeared to favor open farmland and smooth ground as
opposed to forest land and rough ground.

Also, results

showed that there was not a clear urban influence on
lightning in the Great Lakes area. On a larger scale still,
Potter et al.

(1998) studied the relationship between

precipitation, vegetation, and lightning on a landscape
scale in the Pole Canyon ecosystem area of New Mexico.
Important findings suggested that summer precipitation
tendencies were found to closely mirror those of lightning,
meaning higher precipitation amounts were coupled with
higher lightning flash numbers.

Utilizing both large and

small geographic scales was research conducted by Dissing
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and Verbyla (2003).

The patterns of lightning strike

density and vegetation were studied on three spatial scales,
the whole interior of Alaska, 630,000 km2 (regional scale),
six 100,000 km2 transects (longitudinal scale), and seventeen
50,000 km2 sub regions (local scale).

The boreal forest

vegetation type contained higher lightning strike densities
on all spatial scales.

Another regional scale study

(Stallins 2004) examined lightning strikes and urban
landcovers.

This study compared both lightning flash and

housing densities for a 25 county region surrounding
Atlanta, Georgia using GIS to visualize and statistically
analyze the data.

Stallins noted that a higher population

density does not necessarily amount to more hazardous
conditions.
When relating lighting strikes to landcovers research
has been conducted at both large and small cartographic
scales, depending on the purposes of the investigation.

GIS

is again demonstrated as powerful analysis tool in
quantifying relationships between lightning and physical
geography.
Lightning and Geology
Research pertaining to the relationship between cloud
to-ground lightning strikes and geology is inadequate.
obtainable research notes that lightning tends to strike

The
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rocks and sediments containing iron minerals with an
increased frequency (Lee 1992).
As a whole, it appears evident that research concerning
the relationship between cloud-to-ground lightning strikes,
landcover, and geology is lacking at a local scale.

Small

scale studies lack the resolution necessary to infer
conclusions at the local scale.

Conversely, studies

focusing on a regional or local scale often do not explore
the relationship with lightning to other variables, instead
focusing only on densities.

When scholars do relate

lightning to other variables, such as landcover, they often
do not compare among landcovers, choosing to focus on only
one particular landcover instead.

For example, a study may

examine lightning and vegetation only or urban areas only.
These studies do not focus on lightning and all the
landcovers within the study area.

An exhaustive search of

available research seems to indicate a gap in the
relationship of lightning to geology.
Local scale research exploring the relationship between
lightning strikes and geology is needed because it could
help identify patterns of lightning specific to a local
study area.

Therefore, the following chapters describe a

local scale study focused on the relationship between
lightning, landcover, and surficial lithology in Kalamazoo
County, Michigan.

CHAPTER III
METHODS AND METHODOLOGY
Spatial Study Area
The focus of this investigation is Kalamazoo County,
Michigan (Figure 2).

Geographically, Kalamazoo County is

located in the lower southwest corner of Michigan.
Kalamazoo County's largest city, the city of Kalamazoo, is
located half-way in between Chicago, Illinois and Detroit,
Michigan.
Demographic Characteristics
Demographically, Kalamazoo County, Michigan is 51.6
percent female and 48.4 percent male (Figure 3).

In terms

of race make up, Caucasians predominate with 84.6 percent of
the population.

African-Americans and Hispanics make up 9.7

percent and 2.6 percent of the population, respectively.
The age structure of the county is broken down as follows:
Under 5 years of age account for 7 percent of the
population, 5-17 years of age account for 18 percent of the
population, 18-64 account for 84 percent, and 65 years of
age or older make up 11 percent of the population.

21

22

Study Area: Kalamazoo County, Michigan
Baryy Co nty
/

Allegan Cou ty

C:
.91

\l
0
I ,

5

Cass County

�

20 Kilometers

10
I

I

I

'•_ I

Legend
Study Area:
Kalamazoo County
Michigan
Great Lakes
W\Sccnsn

Data Sources M ichigan Center
for Geogrpahic lnfcmiation. ESRJ,
2005
Map Created 'r:J.j: Zachary Newton
Wes em Michigan University

C'S

110

220 Kilo

ters

"a,aeo

(Jt,10

Figure 2: Location of the area of interest in southwestern
Michigan.

Population Characteristics of Kalamazoo County, Michigan
Gender Characteristics

1%

Race Characteristics

0%
2%
3%

•Male

•

■ While □ Black □ Hispanic □
• Asian ■ Am.

□ Female

Age Characteristics

60000

$53,953

64%

■ Other

Income Levels
$42,022

50000
7%

Indian

40000
$21,739

30000
20000
10000

□ Under 5

05-17 018-64 065 and older
Median Family
Income

Median Household
Income

Per Capita Income

Figure 3: Income levels, race, gender, and age characteristics of Kalamazoo County.
Data Source:

US Census Bureau, American Fact Finder, 2000.

N

w

24

Financially, the median family income of Kalamazoo County,
Michigan is $53,953, while the median household income is
$42,022.

Per capita income for the county totals $21,739.

In terms of education, of the county population above the
age of 25, 88.8 percent have a high school diploma and 31.2
percent possess a bachelor's or graduate degree (US Census
Bureau 2000).

The most densely populated areas of Kalamazoo

County are the cities and villages (Figure 4). When compared
with the entire state of Michigan, Kalamazoo County is
seventh in terms of population density.
Landuse and Physical Characteristics
Kalamazoo County, Michigan is characterized as 35
percent urban and 65 percent rural (Smith 2002) (Figure 5).
Although the county is considered urban by the State of
Michigan, many farms, orchards, and vineyards are located
within the boundaries of Kalamazoo County.

Kalamazoo County

has numerous recreation areas and nature trails as well as
22 public golf courses (Kalamazoo County Convention

&

Visitors Bureau 2006). The county is also located on what
once was a glacial outwash plain and the surficial lithology
is dominated by glacial sediments.

Additionally, the county

possesses numerous kettle lakes created by the Pleistocene
Glaciation, the largest of which is Gull Lake, located in
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the upper northeast part of the county (Figure 6).

In

total, there are 83 lakes in Kalamazoo County (Kalamazoo
County Convention

&

Visitors Bureau 2006).

The Kalamazoo

River, the largest of many streams located throughout the
county, flows through the northeast part of Kalamazoo
County.

The highest point in Kalamazoo County is over 1,051

feet above sea level (asl) while the lowest point in the
county is approximately 694 feet asl. The elevation range
for the county is approximately 358 feet.
On average, Kalamazoo County receives 36.4 inches of
liquid precipitation and 69.7 inches of snow per year.

The

average temperature is approximately 50 ° F due to a
predominately southwesterly wind that aids in climate
moderation (Kalamazoo County Visitor's Information 2006)
Temporal Study Period
The year selected for this lightning strike study is 1993,
which was the year when severe flooding was experienced
along the Mississippi River.

In Kalamazoo County, this was

also a year in which the largest amount of rainfall was
recorded at the Oshtemo Township rain gauge over a twenty
year period from 1980-1999 (Figure 7).

This is relevant

because many studies have demonstrated a positive
correlation between heavy convective rainfall and
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high cloud-to-ground flash densities (Papadopoulos et al.
2004; Petersen and Rutledge 1998; Joe et al. 1995).

Also,

1993 was the year that the Midwest recorded the highest
lightning flash densities in the United States due to the
storm activity that produced the Mississippi River flood
(Orville and Silver 1997).
The specific months of study for this research were the
summer months of June, July, and August.

Ferrett and Ojala

(1992) explain that for the state of Michigan, the lightning
season lasts from April through September, with the most
prevalent lightning activity occurring in the months of
June, July, and August. Walters and Winkler (1999) state
that during these months in the Great Lakes region,
lightning is observed on greater than 70 percent of days for
that summer time span.

This study also indicated that the

frequency in the number of lightning flashes in June, July,
and August in the Great Lakes region increased in number and
density from other months confirming what Ferret and Ojala
(1992) concluded earlier.
Data
Lightning data used in this study were collected by the
NLDN™ and provided free of charge by Vaisala Inc., according
to their research policy.
of the NLDN.

Vaisala Inc. is the present owner

As Orville and Huffines (2001) point out there

has been a steady improvement in detection efficiency since
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the inception of the NLDN, so for this reason no corrections
for lightning detection efficiency were made to the data.
The dataset was recorded on CD-ROM as a 257Kb ASCII text
file and consisted of date (in GMT), time (in GMT), latitude
(in decimal degrees), longitude (in decimal degrees), peak
current (in kiloAmps), semi-major and_ semi-minor axis length
(of a 50 percent ellipse, measured in km), and ellipse angle
(measured clockwise from North) parameters.

Peak current

measures the strength of the electrical current produced by
the lightning strike.

Semi-major and semi-minor axis length

is the distance• of the axes of the ellipse.

The ellipse

angle is the angle made by the measurement from the semi
major axis to the lightning strike location.

The dataset

covered a spatial area of 473 miles centered on the city of
Kalamazoo, Michigan (42.27 ° N, -85.60 ° W). Temporally, the
dataset provided all cloud-to-ground lightning strikes for
June, July, and August of 1993.

A total of 4,270,116

strikes were recorded during this time period (Figure 8).
The Michigan Quaternary Geology and Kalamazoo County
Landcover shapefiles, as well as a Kalamazoo County
Landcover raster, used in this study for map making and GIS
analysis were downloaded, at no cost, from the State of
Michigan's Center for Geographic Information (Michigan
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Center for Geographic Information 2005).

The Michigan

Quaternary Geology shapefile was created by the Michigan
Natural Features Inventory and Michigan Department of
Natural Resources in 1999 (Michigan Center
for Geographic
'
Information 2005).

It is a digital version of a 1982

Quaternary Geology map of Michigan.

This dataset was

created to approximate as closely as possible, the original
data source and is useful for quaternary geology analysis.
The projection of this shapefile is Oblique Mercator based
on the North American Datum of 1983 and the GRS1980
Ellipsoid.

The Kalamazoo County Landcover shapefile was

converted from the Kalamazoo County Landcover raster.

The

raster dataset was created by the United States
Environmental Protection Agency (USEPA) and the United
States Geological Survey (USGS) to generate a uniform
landcover data layer for the United States (USGS EROS 1999).
Landcover data is based on 30-meter Landsat thematic mapper
TM satellite data.

For Michigan specifically, the landcover

raster was produced from a dataset surrounding Federal
Region 5 by the Multi-resolution Land Characterization
(MRLC) consortium of the USGS EROS Data Center (EDC), based
in Sioux Falls, South Dakota.
environmental GIS analysis.

This dataset is useful for
However, assessments made with

these data should be aware they represent conditions as such
in the early 1990's (USGS EROS 1999).

The Kalamazoo County

Landcover raster and shapefile are in an Oblique Mercator
projection based on the North American Datum of 1983.

Both
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the landcover shapefile and raster were divided into
specific classes shown in Table 1.
The Open Water class consists of all areas of open
water.

Low-Intensity Urban includes areas of vegetation and

most commonly single-family houses.

High-Intensity Urban is

made up of apartments and row houses and includes areas were
people reside in high numbers.

The Commercial/Industrial/

Transportation class consists of roads, railroads, and areas
not included in the High-Intensity Urban class.

Quarries/

Strip Mines/Gravel Pits are areas of large extractive
mining.

The Transitional class consists of areas that are

experiencing rapid change due to changing landuse
activities. Deciduous Forest are areas of trees that shed
their leaves annually while Evergreen Forest are tree areas
that maintain foliage year-round.

Mixed Forest is a

combination of deciduous and evergreen tree species.
Pasture/Hay landcovers consist of grasses or legumes.

Row

Crops are made up of crops such as soybeans or corn.

Urban

Recreational Grasses are dominated by vegetation and include
such areas as parks, lawns, or golf courses.

Woody Wetlands

and Emergent Herbaceous Wetlands are areas of periodic soil
saturation with the former consisting of forest or shrubland
vegetation and the latter consisting of perennial herbaceous
vegetation (USGS EROS 1999).
For the purposes of statistical analysis some classes
were combined or removed. Grouping of certain classes was
done based on the similarity of the classes.

For example,
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class 91 and 92, Wooded Wetlands and Emergent Herbaceous
Wetlands, respectively, were grouped into Wetlands.
Grouping was also done to increase the area and number of
strikes recorded in order for better statistical analysis.
For a detailed examination of how classes were grouped and
eliminated for statistical analyses see Table 1.

Table 1

also depicts the types of geology that were either utilized
or eliminated for statistical analyses.
Data Processing
Drawing on strengths of previous research, the purpose
of this investigation is to use GIS to explore the
relationship between landcover, geology, and lightning
strikes in Kalamazoo County, Michigan.

Due to the fact that

many studies that have explored elevation and lightning
strikes have only found slight correlations (DeCaria and
Babij 2005), elevation has been ignored for this study
because of the lack of significant elevation changes in
southwest Michigan.

In order to fully explore the

relationship and connectivity of all landcovers to lightning
strikes in Kalamazoo County, Michigan, all landcover types
were analyzed simultaneously.

Lastly, in order to fill the

literature gap in geology and lightning strikes, the
quaternary geology of Kalamazoo County was also analyzed.

Table 1
Kalamazoo County, Michigan Landcover Classes and Geologic Types
and Subsequent Data Analysis Titles
Class

11
21
22
23
32
33
41
42
43
81
82
85
91
92
Class

Landcover

Chi-square

T-test
{Corrected}
Water
Urban

T-test
{Uncorrected}
Water
Urban

Open Water
Water
Low Intensity Urban
LU
High Intensity Urban
HU
Commercial/Industrial/Transportation Comm/Ind/Trans Comm/Ind/Trans Comm/Ind/Trans
Quarries/Strip Mines/Gravel Pits
Transitional
Deciduous Forest
Evergreen Forest
Forest
Forest
Forest
Mixed Forest
Pasture/Hay
Pasture/Hay
Pasture/Hay
Pasture/Hay
Row Crops
Crops
Crops
Crops
-Golf Courses
Golf Courses
Urban Recreational Grasses
Wooded Wetland
Wetlands
Wetlands
Wetlands
Emergent Herbaceous Wetland
Geologic Type

Chi-square

T-test
{Corrected}
Glacial Outwash

Glacial Outwash Sand, Gravel, and Glacial Outwash
Post Glacial Deposits
Ice Contact
Ice Contact Outwash Sand/Gravel
Ice Contact
Medium Till
Medium Textured Till
Medium Till
End Moraines
End Moraines
End Moraines of Coarse Till
Water
Water
Water
Coarse Till
Coarse Textured Till
Source: Michigan Center for Geographic Information, 2005.

--

T-Test
{Uncorrected}
Glacial Outwash

'Recreational
Landcovers'
Water

Forest

Golf Courses

'Recreational
Landcovers'

Ice Contact
Medium Till
End Moraines
Water
Coarse Till

°'w

37

GIS Analysis
The lightning strike ASCII file was read directly into
ArcMap and converted to a point shapefile.

The lightning

strikes outside the Kalamazoo County, Michigan boundaries
were removed.

Only those lightning strikes falling within

the county were utilized in data analysis.

The quaternary

geology for Kalamazoo County was extracted from the
Quaternary Geology shapefile containing geologic data for
the entire state of Michigan.

For both landcover and

quaternary geology areas were calculated in square
kilometers.

Lightning strikes were then counted by

landcover class and geologic type per unit area.
Quadrat analysis was performed on the data to test the
randomness of the strike pattern.

To do this a grid cell

matrix was overlaid on top of the lightning strikes.

Kernel

density created a density surface in order to visually
represent areas of greater lightning strike activity.

For

the purposes of a chi-square test, an intersection of the
landcover and geologic shapefiles was performed to determine
which landcover classes reside on top of which geologic
types.

Several attribute table queries were performed to

investigate the number of lightning strikes recorded for a
combination of a certain landcover and geologic type.

A

point density map of the strikes was created to visualize
the number of strikes that could occur within 500m of any
location in Kalamazoo County.

This process generated mean
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lightning strike densities for both landcover classes and
geologic types.
Statistical Analysis
Various descriptive and inferential statistical
techniques were employed to test the strike pattern,
density, and significance of the data. The location quotient
described which landcover classes and geologic types
received a greater number of lightning strikes given their
area.
Inferential statistical techniques included quadrat
analysis, chi-square analysis, and t-tests.
and point density were utilized as well.

Kernel density

Quadrant analysis

tested the randomness of the pattern of lightning strikes.
Kernel Density created a density surface to highlight areas
that received greater numbers of lightning strikes.

Chi

square analysis tested the relationship among landcover,
geology, and lightning strikes to observe those areas that
actually received a greater or lesser amount of lightning
strikes compared to the amount expected.

Finally a t-test

examined both the landcovers and geologic types to examine
which ones, if any, receive significantly more lightning
strikes compared to the whole of Kalamazoo County, Michigan.
Specifically, the t-test inspected the 'recreational
landcovers' to look at whether they received more lightning
strikes than expected versus the other landcovers in the

39

county.

To examine which landcover classes and geologic

types were utilized in each statistical test refer back to
Table 1.
A location quotient (LQ) was first used to
statistically describe the number of lightning strikes,
landcover class, and geologic type areas. The location
quotient ranges from Oto 1 and depicts which landcovers and
geologic types received less (LQ < 1) or more (LQ

>

1)

lightning strikes than expected based on their areas.

The

location quotient is calculated by dividing the number of
strikes in a particular landcover by the sum of the total
number of strikes and dividing that by that area of that
landcover type divided by the sum of the total area
(Equation 1).

LQ=

#LC./
/"i,TS
ALC;/

luc

(1)

where: #L� is the number of strikes in landcover i

ZTS is the sum of the total number of strikes
ALC; is the area of landcover i
ZLC is the sum of the total area of landcovers

Quadrat analysis is a relatively simple technique to
implement and has been used for the past several decades to
detect spatial patterns in point data (Rogerson 2001).

This

statistical method involves overlaying a grid on top of the
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data and calculating the number of points within each grid
cell.

For this analysis a 2km2 cell size was applied to the

lightning strike data to test the randomness of the
stri. k e pattern.
1.ightning
'

2
lkm2 , 2km2 , 3km2 , and 4km cell

size grids were each examined to determine optimal grid size
The 2km2 cell size was chosen to reduce the

(Figure 9).

number of points positioned on the grid lines. Smaller cell
sizes increased the number of empty cells while larger cell
sizes masked within cell patterns (Rogerson 2001).

The

chosen cell size created a 21 x 20 grid of 420 cells that
overlaid Kalamazoo County, Michigan.

Lightning strikes were

counted within each cell and assigned to that cell. The mean
cell frequency was found by simply dividing the number of
lightning strikes by the number of grid cells (Equation 2).
The variance-mean ratio (VMR) was used to test the degree of
randomness in the spatial pattern of the lightning strikes.
The VMR was calculated by dividing the variance by the mean
cell frequency (Equation 3).
n
- =x

(2)

m

where: n = number of strikes
m

s

2

VMR=
x

=

number of cells

( 3)
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Comparison of Grid Sizes
for Quad rat Analysis
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Variance was found by summing all the grid cells with i
number of lightning strikes multiplied by the number of
lightning strikes minus the mean divided by the number of
grid cells divided by the number of grid cells minus one
(Equation 4).

( 4)

where: fi

=

frequency of cells with i strikes

Xi

=

number of strikes per cell

m = number of grid cells
To test the variance-mean ratio for statistical significance
the chi-square statistic was calculated by multiplying the
VMR by the number of grid cells minus one (Equation 5).
X 2 =VMR(m-1)

(5)

where: VMR = variance-mean ratio
m = number of grid cells
The hypotheses for this statistical test were: H0 : The
Lightning strike pattern was random (VMR=l), and HA: The
lightning strike pattern was not random (VMRll).
Kernel density is a function that calculates the
density of features in a neighborhood around those features.
Surface values are highest at point locations and diminish
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with increasing distance from the point to zero at the
search radius (ESRI 2004). Kernel density aids in the
visualization of lightning strike patterns by highlighting
areas of clustering if they are present.

Kernel density was

utilized to create a lightning strike density surface, with
30m2 cells (the same size as the landcover raster).

This

graphically represents the landcovers and geologic types and
the association with the lightning strike distribution.
Chi-square is a statistical method used to determine
the relationship between classes of data.

Expected

frequencies are compared to sample observations to test the
null hypothesis (Rogerson 2001) (Equation 6).

2

k

02

j=I

Ej

"""'

J

( 6)

X = L...i--n

where: 0 = Observed Frequency
E

=

Expected Frequency

n = number of observations

df = Degrees of Freedom
where: df = (# of rows-1) (# of columns-1)
Chi-square analysis can be used to examine landcover classes
and geologic types and how they relate to lightning strike
distributions.
The chi-square hypotheses for this study are as
follows: H0 : There is no relationship between lightning
strikes, landcover, and geology, and HA: There is a
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relationship between lightning strikes, landcover, and
geology.

The outcome of the chi-square analysis suggests

which landcovers and geologic types were above or below
their expected amount of lightning strikes for the study
area and time period.

The expected values are indications

by the chi-square test of what that number was expected to
be given the amount of observations.
Point density is a focal statistic that was utilized to
relate lightning strikes back to the landcover and geologic
types.

A 500m buffer (Shultz et al. 2005) was placed around

each lightning strike to account for the uncertainty in the
NLDN location accuracy.

This depicts the number of

lightning strikes within 500m of any location in Kalamazoo
County, Michigan.

Mean strike densities per landcover and

geologic type from this analysis were used for t-tests.

T

tests without accounting for the 500m uncertainty were also
investigated and the results were compared to those of the
corrected t-test.
These one sample t-tests evaluated lightning strikes
and each individual landcover class and geologic type for a
significant relationship. Specifically, this tested the
'recreational landcovers' to see if a statistically
significant greater amount of lightning strikes occur here
versus the other landcovers in Kalamazoo County, Michigan.
The hypotheses for both t-tests remained the same and were:
H0 : the sample mean is equal to the population mean and HA:
the sample mean is not equal to the population mean.

The
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mean strike densities, calculated from the point density
procedure, for each landcover class and geologic type were
converted to mean strike densities for square kilometer
sized grid cells.

These converted mean strike densities

along with the previously calculated landcover class and
geologic type areas were utilized in the t-tests.

The

population mean for the entire county was found by
multiplying the individual mean strike densities by the
individual areas and adding them together.

This sum was

divided by the total area to yield the county mean. Sample
means were subtracted from the county mean and the
difference was then divided by the standard deviation
divided by the square root of the sample size (Equation 7).
The sample size is equal to the area of the landcover
classes and geologic types.

x-µ
t=-

(7)

�

where: x = population mean
µ = sample mean
s = standard deviation
n = number of observations

CHAPTER IV
RESULTS AND DISCUSSION
Results
A total of 3,602 lightning strikes were recorded for
June, July, and August of 1993 in Kalamazoo County, Michigan
(Figure 10).

The total area for Kalamazoo County, as

calculated with ArcGIS, is 1,502.0226 km2

•

Landcover and

geologic analysis were based on these totals of strikes and
area.

Location quotients were calculated for landcovers and

geologic types in Kalamazoo County, Michigan based on the
totals of strikes and area.

Inferential statistical methods

were then used to test the lightning strike pattern and
density as well as the association among the strikes,
landcovers, and geologic types.
Landcover Analysis
The initial landcover analysis used the number of
lightning strikes that fell directly within a specific
landcover classification (Figure 11).

Table 2 summarizes

this analysis and includes a location quotient for landcover
classes.

Quarries/Strip Mines/Gravel Pits/Transitional,

Water, Pasture/Hay, Wetlands, and Forest all have LQ's
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Figure 10: Distribution of the 3,602 lightning strikes in
Kalamazoo County, Michigan during the summer of 1993.
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Kalamazoo County, Michigan Land cover Type
and Lightning Strike Distribution
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Figure 11: Landcover of Kalamazoo County, Michigan and the
associated lightning strike distribution in the summer of
1993.

Table 2
Landcover Type Attributes Summary for Kalamazoo County, Michigan:
Summer 1993
2

Number ofStrikes
in Each Type

percent of
TotalStrikes

Area (km )

percent of
Total Area

Location
Quotient

1446

40.14

607.76

40.46

0.99

973

27.01

394.16

26.24

1.03

Pasture/Hay

580

16.10

228.78

15.23

1.06

Wetlands

246

6.83

99.40

6.62

1.03

O pen Water

127

3.53

49.53

3.30

1.07

Low Intensity Urban

114

3.17

62.23

4.14

0.77

65

1.80

32.99

2.19

0.81

Golf Courses/Parkland

32

0.90

14.64

0.98

0.92

High Intensity Urban

16

0.44

11.53

0.77

0.57

3

0.08

1.01

0.07

1.19

3602

100

1502.02

100

LandcoverType
Row Crops
Forest

Comm/lnd./Transportation

Quarries/Strip Mines/Gravel
Pits/ Transitional
TOTAL

,:,.
I.O
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greater than one meaning these particular landcover types
received more lightning strikes than expected, given the
area of these landcovers, during the summer months of 1993.
However, in the case Quarries/Strip Mines/Gravel Pits
/Transitional with such a small area and recorded number of
strikes these results should be interpreted with caution.
It is interesting to note that Open Water was indicated due
to its potential importance as a 'recreational landcover'.
Geologic Type Analysis
Similar to the landcover analysis, the geologic type
analysis used the number of lightning strikes that fell
directly within a specific quaternary geologic type (Figure
12).

Table 3 gives a summary of geologic analysis and

includes a location quotient for each geologic type.

Medium

Textured Glacial Till, End Moraines of Coarse Textured Till,
and Water all have LQ's above one indicating they received a
greater number of lightning strikes, based on their area,
for the summer months of 1993.
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Kalamazoo County, Michigan Geology
and Lightning Strike Distribution
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Figure 12: Surficial lithology of Kalamazoo County,
Michigan and the associated lightning strike distribution in
the summer of 1993.

Table 3
Geologic Type Attributes Summary for Kalamazoo County, Michigan:
Summer 1993
2

Number of Strikes
in Each Type

percent of
Total Strikes

Area (km )

percent of
Total Area

Location
Quotient

2522

70.02

1065.04

70.91

0.99

Ice Contact Outwash
Sand/Gravel

413

11.47

194.46

12.95

0.89

Medium Textured Till

346

9.62

120.66

8.03

1.20

End Moraines of Coarse
Textured Till

260

7.22

99.52

6.63

1.09

59

1.65

20.98

1.39

1.18

2

0.02

1.36

0.09

0.22

3602

100

1502.02

100

Geologic Type
Glacial Outwash, Sand
Gravel, and Post Glacial
Deposits

Water
Coarse Textured Till
TOTAL

(Jl

�
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Statistical Analysis
Quadrat Analysis
A 21 x 20 grid was overlaid on top of Kalamazoo County,
Michigan for quadrat analysis (Figure_13) creating a total
of 420 grid cells with 3,602 lightning strikes.

The mean

expected number of lightning strikes per cell was 8.58.

The

variance of the grid cells equaled 20.24 for a variance-mean
ratio that totaled 2.36.

This VMR result indicated the

lightning strike pattern is not random.

The chi-square

statistic totaled 998.84, which was not only statistically
significant, but also exceeded the critical value of 514.2
at 419 degrees of freedom (99.9 percent confidence
interval).

Therefore, the null hypothesis was rejected; the

lightning strike pattern was more clustered than random.
Due to the clustered pattern exhibited by the lightning
strikes it was worth investigating whether the clustering
may have related to landcover and geologic type of the
county.
Kernel Density
It was helpful to visualize where the lightning strikes
were clustered.

This was accomplished with kernel density.
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Ouadrat Analysis of Lightning Strike Distribution
in Kalamazoo County, Michigan
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2

Figure 13: 2km grid cells were utilized to test the
randomness of the summer of 1993 lightning strike pattern.
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Kernel density created a density for the summer 1993
lightning strikes (Figure 14).

The kernel density function

displayed many interesting patterns.

The most obvious was

the high density of lightning strikes (circled on the map)
centered over the northeastern part of the county.

This

area is characterized by a variety of landcover types
including Forest, Row Crops, Pasture/Hay and Wetlands.

In

addition, this Kalamazoo River flows through the vicinity.
The geology of this part of Kalamazoo County is uniform and
consists only of Glacial Outwash Sand, Gravel, and Post
Glacial Deposits.

Several other apparent strike clusters

occur in south Comstock Township and west Charleston
Township, and an alternating pattern seemed to cover the
areas in Prairie Ronde, Schoolcraft, Brady, and Wakeshma
Townships.

Areas that are conspicuously absent of lightning

strikes are located in the urban areas of Kalamazoo and
Portage.
Chi-square
The variety of landcover classes present in the areas
of lightning strike clusters was further evidence supporting
the need for a chi-square analysis to test if a relationship
was present among lightning strikes, landcover, and the
geology of Kalamazoo County, Michigan.

The amount of
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Kernel Density of Lightning Strikes
and associated Minor Civil Divisions
of Kalamazoo County, Michigan
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Figure 14: Kernel density map of lightning strikes with the
minor civil divisions of Kalamazoo County, Michigan.
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lightning strikes per each combination of landcover class
and geologic type (Figure 15) was used to calculate a chi
square statistic (Table 4). Some surprising results were
indicated by this analysis.

Some combinations of landcover

classes and geologic types received considerably more
lightning strikes than expected and some combinations
received noticeably less strikes than expected.

In the

majority of incidents the geologic type of Medium Textured
Till and a particular landcover class recorded observed
strikes that were noticeably lower than the expected number
of strikes. The one exception was Row Crops and Medium
Textured Till which received more strikes than expected.
Other landcover classes and geologic types that received
more strikes than expected were Water and Water, and Forest
and End Moraines, which may relate to a topographic
component that was unanalyzed in this study.
The results of the chi-square analysis also indicated
that the null hypothesis should be rejected because the
statistically significant test statistic of 537.5 far
exceeded the critical value of 62.49 at 32 degrees of
freedom (99.9 percent confidence interval).

Therefore,

there was an association between lightning strikes in
Kalamazoo County, Michigan, landcover, and surficial
lithology for the summer months of 1993.
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Land cover Types per Geologic Type
and Lightning Strike Distribution
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Figure 15: Landcover types per geologic type and the
associated lightning strike distribution 1n the summer of
1993.
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Table 4
Chi-Square Analysis for Kalamazoo County, Michigan
Landcovers and Geologic Types
Water
LU
HU
Comm/lnd/T
Forest
Pasture
Crops
Golf Course
Wetlands

TOTAL

Water
LU
HU
Comm/lnd/T
Forest
Pasture
Crops
Golf Course
Wetlands
Water
LU
HU
Comm/lnd/T
Forest
Pasture
Crops
Golf Course
Wetlands
Water
LU
HU
Comm/lnd/T
Forest
Pasture
Crops
Golf Course
Wetlands

TOTAL

Glacial
Outwash
88
95
14
54
646
453
939
30
203
2522
89
80
11
46
681
407
1014
22
172
7744
9025
196
2916
417316
205209
881721
900
41209

Ice
Contact
8
16
2
9
130
49
184
0
12
410
14
13
2
7
111
66
165
4
28
64
256
4
81
16900
2401
33856
0
144

Medium
Till
0
0
0
0
76
38
212
0
20
346
12
11
2
6
93
56
139
3
24
0
0
0
0
5776
1444
44944
0
400

End
Moraines
2
1
0
2
107
34
103
2
9
260
9
8
1
5
70
42
105
2
18
4
1
0
4
11449
1156
10609
4
81

Water
29
2
0
0
12
6
8
0
2
59
2
2
0
1
16
10
24
1
4
841
4
0
0
144
36
64
0
4

87.0
112.9
17.5
64.0
613.0
504.6
869.7
40.1
238.9
2547.6

4.4
19.7
2.2
10.9
152.7
36.3
205.4
0.0
5.1
436.8

0.0
0.0
0.0
0.0
61.8
25.9
323.1
0.0
16.9
427.7

0.4
0.1
0.0
0.9
163.1
27.6
101.5
1.7
4.6
299.9

403.7
2.1
0.0
0.0
9.0
3.8
2.7
0.0
1.0
422.4

x2 = 537_5

TOTAL

127
114
16
65
971
580
1446
32
246
3597

OBSERVED
VALUES
(OBS)

EXPECTED
VALUES
(EXP)

TOTAL

3597
OBSERVED
VALUES
SQUARED
2
(OBS )

495.5
134.9
19.7
75.8
999.7
598.2
1502.4
41.8
266.5

2

OBS /EXP

4134.5

Critical Value {�=0.001) = 62.49
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Point Density
The mean number of lightning strikes for Kalamazoo
County, Michigan calculated by the point density operation
totaled 3.01 strikes for landcovers and equaled 53.83
strikes for geologic types. The density map (Figure 16) also
highlighted the area of significant clustering in the
northeast part of the county as kernel density did.
T-test
When analyzed without taking the 500m uncertainty into
account the one sample t-test results indicate that at a 90
percent confidence interval only Urban was statistically
significant (Table 5). This suggests that this landcover
class was statistically more likely to receive lightning
strikes in Kalamazoo County, Michigan for the summer of
1993.

For geologic types, Glacial Outwash, Ice Contact, and

Medium Till types were statistically significant.
When analyzed with location uncertainty taken into
account, the t-test values present drastically different
results.

Location corrected t-test results indicated, at a

90 percent confidence interval, that only one landcover
class, Urban, was statistically significant (Table 6).
specifically, the Urban landcover class was likely to

More
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Point Density of Lightning Strikes with 500m Buffer

0

3,550

7,100

14,200 Meters
Data Soures: Michigan Center for Geographc Information; Vaisala lnc.n 2005
Map Created By: Zachary Newton, Western Michigan University

Figure 16: Point density of lightning strikes for Kalamazoo
County, Michigan with 500m buffer to account for location
uncertainty.
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Table 5
T-test Analysis for Kalamazoo County, Michigan
Landcovers and Geologic Types: 500m NLDN
Uncertainty Uncorrected
Grid Cells
Strikes
Landcover
Critical Value
t-statistic
1.31
Water
1.36
10.26
12.38
4.10 *
Urban
1.33
12.88
18.44
-1.28
7.88
Comm/Ind/Trans
-1.40
8.25
-0.44
9.87
98.54
-1.66
Forest
10.14
0.42
57.19
1.30
Pasture
151.94
-1.01
9.52
Row Crops
-1.29
1.32
24.85
0.01
Wetlands
9.9
Mean=
9.89
Std dev=
4.5
* denotes significance at the p=0.10 level
Geologic T��e
Glacial Outwash
Ice Contact
Medium Till
End Moraines
Water
Coarse Till
Mean=
Std Dev=

Grid Cells
266.26
48.62
30.16
24.88
5.24
0.34
9.89
4.5

Strikes
9.47
8.50
11.47
10.45
11.25
5.90

t- statistic
*
-1.52
*
-2.15
*
1.93
0.68
0.69
-0.52

*

Critical Value
-1.28
-1.28
1.31
-1.32
-1.48
-3.08

denotes significance at the p=0.10 level
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Table 6
T-test Analysis for Kalamazoo County, Michigan
Landcovers and Geologic Types: 500m NLDN
Uncertainty Corrected
Mean
Area
2
t-statistic
Critical Value
Strikes
Landcover
(km )
1.29
3.14
0.39
49.53
Water
2.09
-1.29
-1.75 *
Urban
73.76
2.44
-1.30
Comm/Ind/Trans
-0.72
32.99
1.28
394.15
Forest
0.30
3.08
3.12
1.28
Pasture/Hay
0.37
228.78
1.28
0.27
Row Crops
607.76
3.06
2.06
-1.34
Golf Course/Park
-0.80
14.65
1.29
3.19
Wetlands
0.39
99.39
Mean
3.01
* denotes significance at the �=0.10 level
Glacial Tt�e
Glacial Outwash
Ice contact
Medium Till
End Moraines
Water
Coarse Till
Mean

Area
2
(km )
1065.50
194.46
120.67
99.52
20.98
1.36
53.83

Mean
Strikes
53.82
53.85
53.81
53.86
53.82
53.67

t-statistic
-0.07
0.06
-0.05
0.07
-0.10
-0.04
*

Critical Value
-1.28
1.28
-1.28
1.29
-1.32
-3.08

denotes significance at the �=0.10 level
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receive a lower number of lightning strikes than the county
mean.

No geologic types are statistically significant for

this t-test.
Discussion
Due to the fact that the former t-test does not correct
for the 500m location uncertainty· in the NLDN data, these
results are approached with caution and are only included
for comparative purposes.

There are many indications that

suggest these results are faulty.

For example, the

uncorrected t-test analyses indicated the landcover class
Urban received statistically more lightning strikes.
However, the kernel density map (Figure 14) plainly depicts
the cities of Kalamazoo and Portage, two of the larger urban
areas of Kalamazoo County, as some of the least densely
clustered strike areas in the county.

For this reason it

appears the latter, corrected t-test values that indicated
Urban areas received less lightning strikes, are more
compelling.

Casting further suspicion on the uncorrected t

test results was the fact that nearly 92 percent of the
geologic type area was statistically significant.

Of

special note was Medium Textured Till, which received a
significantly higher of lightning strikes.

The chi-square

analysis clearly indicates that for the majority of
landcover classes this geologic type received fewer strikes
than expected.

As a result, the latter t-test, with the
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correction for uncertainty in strike location, is most
likely a better approximation of reality.

In fact, while

creating a lightning flash climatology for the southern
Great Lakes region, Clodman and Chisholm (1996) found that
in the Great Lakes area there is not as apparent increase in
lightning due to urban influences.

Results from the

corrected t-test analysis indicated that in Kalamazoo
County, Michigan, for the summer of 1993, Urban landcovers
received a decreased amount of lightning strikes.
Additionally, the Urban landcovers, which possessed higher
population densities (Figure 4), received a significantly
smaller number of lightning strikes (Figure 14).

This

finding is similar to that of Stallins (2004) when he
concluded higher population densities did not necessarily
signify a higher lightning risk.
Recreational Landcover Analysis
In terms of the 'recreational landcovers' in Kalamazoo
County, Michigan, none were statistically significant.

As

the study of Ferrett and Ojala (1992) pointed out, most
fatalities in Michigan caused by lightning are associated
with outdoor recreational activities.

The t-test analysis

here showed, at least in Kalamazoo County for the summer of
1993, that 'recreational landcovers' are statistically no
more dangerous in terms of being struck than any other
landcover in the county.

The high numbers of fatalities
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reported in Michigan on golf courses, parkland, open water,
and under trees have perhaps more to do with the
carelessness or unfortunate bad luck of the individuals
rather than higher statistical probabilities of the
landcovers actually being struck.
.

CHAPTER V
SUMMARY AND CONCLUSION
As one of the most poorly understood and dangerous
natural hazards on Earth, lightning research is vital to the
well-being of everyone.

The understanding and analysis of

cloud-to-ground lightning has increased tremendously thanks
to the development of precision lightning location detection
networks.

The combining of data from the National Lightning

Detection Network and the Canadian Lightning Detection
Network has the potential to offer unprecedented insight
into continental scale lightning trends that could possibly
further aid to lightning understanding and safety.

More

locally, this study aimed to raise lightning awareness in
southwest Michigan by examining cloud-to-ground lightning
events in Kalamazoo County, Michigan.
Processing and analysis of the 1993 cloud-to-ground
lightning strikes in June, July, and August portrayed the
lightning distribution and relationships in Kalamazoo
County, Michigan.

The statistical analysis performed on

these data indicated lightning strikes did not follow a
random pattern while the kernel density map for Kalamazoo
County, Michigan uncovered that the lightning strike pattern
showed a tendency for clustering in the northeast part of
the county, which was also highlighted by the point density
operation.

The location quotient revealed that the
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landcover classes of Water, Forest, Pasture/Hay, and
Wetlands as well as the geologic types of Medium Textured
Till, End Moraines, and Water all received more strikes than
expected given their area.

A chi-square analysis uncovered

a statistically significant relationship among cloud-to
ground lightning strikes, landcovers, and geologic types in
Kalamazoo County, Michigan in the summer of 1993.

Lastly,

t-tests of the landcovers indicated that only Urban was
statistically significant.

More specifically, Urban was

less likely to receive lightning strikes during the study
period. In terms of the 'recreational landcovers' of the
county, none were statistically significant. 'Recreational
landcovers' were no more dangerous than the other landcovers
in Kalamazoo County, Michigan in the summer of 1993.
The results from this study are intriguing because they
may not fully explain the clustering pattern in the cloud
to-ground lightning strikes in the county.

This may be due

to how the storms propagated through the county this
particular summer.

Furthermore, the random pattern

displayed by the strikes may be nothing more than a
statistical anomaly resulting from the lack of a long-term
temporal period used in this preliminary analysis.

However,

results from this analysis could be used as a basis for
further study of cloud-to-ground lightning events in
southwest Michigan.

The major limitation to this study is

that it only focused on three months of one year.

No long

term climatic trends can be drawn from this data set.
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Therefore, the results of this study have to be approached
with extreme caution due to this limited temporal period.
Recommendations for future research include using a larger
temporal period of at least 10 years (Orville 1991).

Along

the same lines, the spatial extent should be broadened to
make a lightning climatology for the entire southwest
Michigan region.

Lastly, it would be interesting to

investigate other variables associated with the lightning
strikes such as time of the strikes and the peak current of
the strikes and their relation to strike distribution.
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